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Abstract 
About 1 mg/g dw Cu 2÷ and 8 mg/g dw Fe 2÷ were found in roots of 
reed plants when fed with heavy metal concentrations of 100 gM 
Cu 2+ and 10 mM Fe 2+ under hypoxia. Roots seemed to act as a kind 
of filter since the amounts in rhizomes were only 0.06 mg Cu2+/g dw 
and 2 mg Fe2+/g dw. Increased contents of both ions reduced posthy- 
poxic respiration capacity by 40-50% and also the sum of adeny- 
lates (ATP, ADR AMP) by the same order of magnitude, although 
energy charge values remained above 0.85 in Cu 2+ and 0.79 in Fe 2+ 
treatments. Energy metabolism ofrhizomes was not affected. Cop- 
per and iron contents of roots as well as of rhizomes were high 
enough to induce oxidative stress when roots were fed with 40 ~M 
Cu 2+ and 1 mM Fe 2+, respectively. 
From our results we conclude that increased, but environmentally at-
tainable, amounts of copper and reduced iron ions disturb root ener- 
gy metabolism, and therefore root functioning and development. La- 
tent injuries, based on oxidative stress, may be harmful for roots and 
rhizomes under long term exposure. 
among the most severe damages (CRAWFORD ~% BRAENDLE 
1996). Yet underground organs of some amphibious plants 
(e.g. Acorus calamus, SchoenopIectus lacustris) exhibit a 
considerable r sistance towards lipid peroxidation (HENzI & 
BRAENDLE 1993). 
However, little is known concerning copper and iron sen- 
sitivity of reed plants (Phragmites australis), although reed 
is the most dominant species of European lake shores. The 
results presented here show substantial effects on the pro- 
cesses mentioned above as a result of heavy metal stress 
under hypoxic conditions in roots and rhizomes, indicating 
that under hypoxic conditions the abundant and permanent 
occurrence of soluble copper and reduced iron ions con- 
tribute to the reed decline observed at numerous European 
lakes (OSTENDORP 1989). 
Introduction 
Copper and iron excess in aquatic and semi-aquatic environ- 
ments could act as a disruptive lement of plant development 
and viability (FoY et al. 1978). Copper sources are agricul- 
tural pesticides, ewage sludges, air pollutants and industrial 
waste waters (Hock & ELSTNER 1988). Toxic iron concentra- 
tions occur subsequently o low redox potentials of flooded 
soils (PONNAMPERUMA 1972). 
Both ions are known to induce oxidative stress in dryland 
species. The excessive formation of reactive oxygen radicals 
such as superoxide anions and extremely toxic hydroxyl rad- 
icals leads to the disintegration f macromolecules and im- 
pairs energy metabolism (HALLIWELL 1991). Lipid peroxida- 
tion followed by membrane decay and leakage of solutes are 
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Material and Methods 
Potted reed plants (Phragmites austraIis (CAv.) STEUD., 8 × 8 × 10 
cm, from Bestmann I g. Wedel/I-Iolstein, Germany) were kept for up 
to 6 months in slightly fertilized tap water at 18 °C under a continu- 
ous 10 h night/14 h day regime (73 ~E/m2/sec). The root/rhizome 
systems were covered by inert balls to prevent greening. Plants with 
well-developed underground organs and 2 to 4 shoots (30-50 cm) 
were used for further experimentation. 
For that purpose plants were preincubated (48 h) in aerated 
nutrient solutions consisting of 0.75 mM MgSO4, 1.5 mM Ca(NO3)2, 
1.0 mM KNO3, 2 pM H3BO3, 0.4 IJM MnSO4, 0.08 ~tM MOO3, and 
0.07 pM ZnSO4. For copper treatments (pH 7) 30 pM Fe3+/Na - 
EDTA and 1.5 mM K phosphate buffer were added, whereas the 
media for iron treatments (pH 5) were buffered with 10 mM citric 
acid/Na citrate and supplemented with 0.75 mM K2HPO 4 and 
0.05 pM CuSO4. The copper and iron treatments lasted for 6 d. At 
the same time the root/rhizome media were gassed with nitrogen in 
order to keep constant hypoxic conditions. The oxygen concentra- 
tions were 0.5 to 1.0 mg O2/1 in the copper and < 0.4 mg O2/1 in the 
iron treatments. Oxygen concentrations and pH values of the media 
were regularly monitored. Oxygen was measured with Clark type 
electrodes (WTW, Weilheim, Germany). The experiments were per- 
formed with different concentrations of CuCI 2 or FeC12 which may 
occur in nature. Moreover, the nutrient solutions were permanently 
stirred and exchanged after 3 days to avoid concentration gradients 
and to minimize bacterial infection. The underground organs were 
permanently protected from light. 
Detached root and rhizome material was used for measurements 
of heavy metal contents, adenylates (ATP, ADP and AMP), malondi- 
aldehyde (MDA, indicating lipid peroxidation) and posthypoxic res- 
piration capacity (a measure of membrane integrity and function- 
ing). Copper and iron tissue concentrations were determined by 
atomic absorption spectrophotometry (Varian AA 1475, Springvale, 
Australia). Samples were shaken in ice-cold distilled water for 
30 min to remove attached heavy metal ions and dried for 24 h at 
85 °C. The dried samples were heated at 550 °C for 10 h, resuspend- 
ed in concentrated HC1 and diluted in distilled water before detec- 
tion of Cu and Fe in the AAS device. The posthypoxic respiration 
capacity of freshly prepared tissue samples, previously rinsed in 
cold tap water, was measured manometrically on a respirometer 
(Gilson, Villiers-le-Bel, France). 
Tissue samples for adenylate and MDA determinations were 
immediately frozen in liquid nitrogen and pulverized with a dis- 
membrator (Mikro II, Braun, Melsungen, Germany). Adenylate 
energy charge (AEC) and total adenylates were determined accord- 
ing to SIEBER ~¢ BRANDLE (1991). Malondialdehyde was measured 
with a test kit (LPO-586, Bioxytech S.A., Bonneuil-sur-Marne, 
France). 
Results 
Fig. 1 shows that Cu 2+ and Fe 2+ exposure led to elevated tis- 
sue contents. The enrichment is much more pronounced in 
roots than in rhizomes, and it is more or less proportional to 
the available concentration of both ions. 
Distinct differences between roots and rhizomes were ob- 
served with regard to post-hypoxic respiration capacity 
(Fig. 2). Rhizomes were not affected by any of the Cu 2+ and 
Fe 2+ concentrations applied whereas respiration of roots was 
significantly depressed above 40 ~M Cu 2+ by about 40% and 
at 10 mM Fe 2+ by more than 50%. 
The levels of the adenylate nergy charge (AEC) in roots 
and rhizomes were only slightly affected by the heavy metals 
Fig. 1. Copper and iron contents of roots 
and rhizomes following different copper 
and iron treatments under hypoxia for 6 d 
(~;i~i~i~i~i = root, [ ]  = rhizome). Data are means 
of 5 replicates _+ s.d. 
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Fig. 2. Posthypoxic respiration capacity of 
roots and rhizomes following different copper 
and iron treatments under hypoxia for 6 d. Data 
are means of 5 replicates _+ s.d. 
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Fig. 3. Copper- and iron-induced MDA (malon- 
dialdehyde) formation in roots and rhizomes fol- 
lowing different copper and iron treatments 
under hypoxia for 6 d. Data are means of 5 repli- 
cates _+ s.d. 
Table 1. Adenylate nergy charge (= AEC) and sum of adenylates (ATP+ADP+AMP) of copper and iron treated roots and rhizomes under 
hypoxia for 6 d. 
Absolute values of adenylate contents under hypoxia were: in roots 100% = 20.8 + 5.8 nmol ~1 fw; in rhizomes 100% = 51.2 + 7.7 nmol g-~ 
fw. Data are means of 4 replicates _+ s.d. 
Treatment Roots Rhizomes 
AEC ]~ Adenylates [%] AEC 2 Adenylates [%] 
Hypoxia 0 jaM Cu 2+ 0.87 _+ 0.02 100 _+ 20 0.84 + 0.08 100 _+ 15 
Hypoxia 10 ~aM Cu 2+ 0.87 _+ 0.10 97 _+ 27 0.87 + 0.05 79 _+ 20 
Hypoxia 40 ~M Cu a+ 0.89 _+ 0.08 57 + 5* 0.85 + 0.02 87 _+ 10 
Hypoxia 100 ~aM Cu 2+ 0.86 _+ 0.01 54 _+ 16" 0.86 _+ 0.08 99 _+ 13 
Hypoxia 0 mM Fe 2+ 0.82 _+ 0.09 100 _+ 25 0.82 _+ 0.08 100 + 27 
Hypoxia 1 mM Fe 2+ 0.84 + 0.03 93 _+ 25 0.88 _+ 0.07 113 + 15 
Hypoxia 10 mM Fe 2+ 0.79 -+ 0.06 63 + 13" 0.86 _+ 0.04 106 _+ 19 
Normoxia 0.90 _+ 0.03 83 _+ 20 0.86 -+ 0.04 109 + 20 
*) Indicates significant differences at5% level. 
(Table 1). AEC [(ATP + 1/2 ADP)/(ATP + ADP + AMP)] in- 
dicates the ratio of ATP utilizing and ATP producing process- 
es. The equilibrium between them is usually 0.8-0.9 
(PRADET & RAYMOND 1983). There was no change of AEC 
values either in roots or in rhizomes. However, the absolute 
adenylate content decreased in roots and not in rhizomes 
in the presence of increased copper (> 40 gM) and iron 
(<10 raM) concentrations. AEC values could be kept high 
only because the total sum of adenylates was decreased. 
Malondialdehyde, a peroxidatlon product of polyunsatu- 
rated fatty acids, occurred in roots above medium concentra- 
tions of 10 ~M Cu 2÷ and above 1 mM Fe z+, in rhizomes 
above 40 gM Cu 2+ and above 1 mM Fe 2+ (Fig. 3). Here, rhi- 
zomes as well as roots showed clear signs of oxidative in- 
juries. 
Discuss ion  
Reed is obviously not among the most sensitive species con- 
cerning copper and iron poisoning (ERNST 1996). Yet, under 
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high and also attainable concentrations in the environment 
(Cu 2+ < 40 ~M, Fe 2+ > 1 mM) both ions are potentially able to 
contribute to reed die-back. Both of these thresholds are pos- 
sible in nature, e.g. in waste waters and in reduced sediments 
(PONNAMPERUMA 1972; SCHIZRUP & LARSEN 1981). 
The internal amounts of both ions (1 mg CuZ+/g dw, 8 nag 
FeWg dw) in hypoxic roots (Fig. 1) considerably reduce 
posthypoxic respiration capacity (Fig. 2). It is very likely 
that both metal ions inactivate various (respiratory) enzymes 
by interaction with sulphydryl groups (HOCK & ELSTNER 
1988). Furthermore, total adenylates (and ATP availability 
for ATP consuming processes) decreases, although AEC re- 
mains high (Tab. 1). A similar esponse has been observed in 
sulphide treated reed (FORTIG et al. 1996). Consequently, we 
postulate that metabolic activity is substantially reduced, al- 
though there exists an equilibrium between ATP production 
and consumption. Moreover, we assume that root function- 
ing (e.g. uptake, root development and growth) is signifi- 
cantly inhibited. The low heavy metal contents observed in 
rhizomes have no effect either on respiration or on adenylate 
metabolism. 
The copper and iron contents hown in Fig. 1 suggest that 
the filter effect of roots is the most powerful strategy in pro- 
tecting rhizomes and shoots, and explain the apparent differ- 
ences in tolerance. Indeed, we cannot distinguish between 
adsorption in the apoplast and uptake into the symplast. 
Therefore, it is not possible to quote the exact issue concen- 
trations responsible for the observed effects. The values for 
rhizomes are much lower, but they may reflect more precise 
symplast concentrations because of the involved transloca- 
tion process, and the improbability of direct ion uptake 
through the cork layer of rhizome surfaces. The strategy of 
copper and iron retention is widespread, being known for ex- 
ample in rice (YAMAUCHI & PENG 1995) and maize (GALLI et 
al. 1995). 
Nevertheless, the filter effect is insufficient o protect 
against he copper and iron mediated production of reactive 
oxygen species. The latter takes place even under severe hy- 
poxic conditions. The occurrence of malondialdehyde in 
roots and rhizomes under rather low heavy metal concentra- 
tions clearly indicates that oxidative stress is involved, and 
that membranes of these organs are badly injured in the long 
tenn. This may be fatal for the survival and vegetative propa- 
gation of rhizomes. For this case, and also in all other treat- 
ments, Cu 2+ proved to be much more toxic than Fe 2+. 
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